Background/Aims: This study used Rho-associated protein kinase (ROCK) isoform-selective suppression or a ROCK inhibitor to analyze the roles of ROCK1 and ROCK2 in regulating endothelial dysfunction triggered by oxidized low-density lipoprotein (oxLDL). Methods: ROCK1 or ROCK2 expression in human umbilical vein endothelial cells (HUVECs) was suppressed by small interfering RNA (siRNA). HUVECs were pretreated with 30 μM Y27632 (pan ROCK inhibitor) for 30 min before exposure to 200 μg/mL oxLDL for an additional 24 h. Cell viability was determined by the MTT assay, and cell apoptosis was evaluated by the TUNEL assay. Protein expression and phosphorylation were assessed by Western blot analysis. The morphology of total and phosphorylated vimentin (p-vimentin) and the co-localization of vimentin with vascular cell adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1) were detected by the immunofluorescence assay. The adhesion of promonocytic U937 cells to HUVECs was observed by light microscopy. Results: ROCK2 suppression or Y27632 treatment, rather than ROCK1 deletion, effectively reduced endothelial cell apoptosis and preserved cell survival. ROCK2 suppression exhibited improved vimentin and p-vimentin cytoskeleton stability and decreased vimentin cleavage by attenuating caspase-3 activity. In addition, increased p-vimentin expression induced by oxLDL was significantly inhibited by ROCK2 deletion or Y27632 treatment. In contrast, ROCK1 suppression showed no obvious effects on the vimentin cytoskeleton, but significantly regulated the expression of adhesion molecules. Endothelial ICAM-1 or VCAM-1 expression induced by oxLDL was obviously inhibited by ROCK1 suppression or Y27632 treatment. Moreover, the expression of ICAM-1 induced by oxLDL could also be reduced by ROCK2 suppression. Furthermore, ROCK2 deficiency or Y27632 treatment inhibited the redistribution of adhesion molecules and their co-localization with vimentin caused by oxLDL. These effects resulted in the significant inhibition of monocyteendothelial adhesion induced by oxLDL. Conclusion: The results of this study support the novel concept that ROCK1 is involved in oxLDL-induced cell adhesion by regulating adhesion molecule expression, whereas ROCK2 is required for both endothelial apoptosis and adhesion by regulating both the vimentin cytoskeleton and adhesion molecules. Consequently, ROCK1 and ROCK2 have distinct roles in the regulation of oxLDL-mediated endothelial dysfunction.
Introduction
Endothelial dysfunction is an early marker of atherosclerosis, which is the main cause of death from cardiovascular disease [1] . Many studies have demonstrated that the accumulation of oxidized LDL (oxLDL) can induce gene expression in endothelial cells, which may result in alterations of the function and structural integrity of the endothelial barrier [2] [3] [4] . It has been reported that oxLDL induces activation and toxicity in endothelial cells, including an increase in cell apoptosis by activating capase-3 and poly ADP-ribose polymerase, reactive oxygen species production, and the expression of adhesion molecules that facilitate the firm adhesion and activation of leukocytes and platelets [2, 5, 6] .
Previously, we found that the vimentin cytoskeleton is one of the key proteins responsible for endothelial dysfunction induced by oxLDL [7] . Vimentin is a member of the intermediate filament protein family, which is present in diverse cell types of mesenchymal origin and neural cells [8, 9] . It has been reported that vimentin is rapidly proteolyzed into similar sized fragments during apoptosis induced by many stimuli [10] . Consistent with its interaction with adhesion molecules, vimentin is required for cell adhesion and the transmigration process [7, 11] . Vimentin can be phosphorylated by several protein kinases (e.g., Cdc2, PKCε, Raf-1 kinase,) and affects diverse cellular functions by vimentin rearrangement [12] [13] [14] [15] .
Rho-associated protein kinase (ROCK) is one of the best-characterized effectors of small GTPase RhoA, and is present in two similar isoforms: ROCK1 and ROCK2 [16, 17] . ROCK deletion attenuates diabetes-induced vascular endothelial dysfunction by preventing increased arginase activity and expression and decreased nitric oxide production [18] . ROCK1 and ROCK2 have functionally different roles in regulating actin cytoskeleton organization by phosphorylating different downstream target proteins [19] . It has also been demonstrated that ROCK modifies huntingtin protein aggregation in Neuro2a cells by phosphorylating vimentin [9] . Nevertheless, the distinct roles of the different ROCK isoforms in regulating vimentin cytoskeleton reorganization have remained unclear.
Here, we investigated the specific roles of ROCK1 and ROCK2 in oxLDL-induced vimentin cytoskeleton remodeling and endothelial dysfunction.
Materials and Methods

Materials
Dulbecco's Modified Eagle Medium (DMEM), Roswell Park Memorial Institute (RPMI) 1640, and fetal bovine serum (FBS) were obtained from Gibco BRL (Grand Island, NY, USA). The terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay kit and oxLDL were from BiYuntian Biological Technology Institution (Shanghai, China). Y27632 (inhibits ROCK1 and ROCK2 with equal potency) was obtained from Selleckchem (Houston, TX, USA). 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) and trypsin were obtained from Sigma-Aldrich (St. Louis, MO, USA). Rabbit anti-vimentin, anti-ROCK1, anti-ROCK2, anti-caspase3, anti-GAPDH, anti-caspase8, anti-caspase9, anti-p-vimentin (Ser56), anti-p-vimentin (Ser83), anti-ICAM-1, and anti-VCAM-1 antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA). Horseradish peroxidase (HRP)-and Cy3-conjugated anti-rabbit IgG were 
Cell culture
Human umbilical vein endothelial cells (HUVECs) were isolated by collagenase digestion of umbilical veins from fresh cords. The study protocol was approved by the Ethics Review Committee of the Affiliated Hospital of Nantong University. HUVECs were cultured in DMEM with 10% FBS containing 100 U/mL penicillin and 100 μg/mL streptomycin and passaged every 2 to 3 days by trypsinization. HUVECs at passages 3-6 were used in this study and identified by the von Willebrand factor (data not shown). The confluency of HUVECs utilized for each experiment was 30-50%. U937, a human histiocytic leukemia cell line, was purchased from ATCC (Rockville, MD, USA) and cultured in RPMI 1640 with 10% FBS containing penicillin and streptomycin.
siRNA transfection
The siRNAs were human ROCK1-siRNA (GGUUGGAACUUACAGUAAAdTdT), and human ROCK2-siRNA (GAGCCAGAUUCGAAUUGAAdTdT) (Sangon, Shanghai, China). Fluorescence-labeled siRNA (FAM-siRNA) was used to optimize the cell transfection conditions. Synthetic siRNAs were dissolved in DEPC-treated water at a concentration of 20 μM. The Lipofectamine 2000 transfection reagent and siRNAs were diluted in Opti-MEM (Invitrogen, Karlsruhe, Germany) and incubated for 5 min at room temperature prior to use. Subsequently, the siRNAs and Lipofectamine 2000 solutions were mixed and incubated for 20 min at room temperature to allow complex formation. The mixture was added to the HUVECs and incubated at 37°C with 5% CO 2 for 48 h.
MTT assay
Cells were pretreated with 30 μM Y27632 (pan ROCK inhibitor) for 30 min. After removing the supernatant, the cells were exposed to 200 μg/mL oxLDL for an additional 24 h. After treatment, 20 mL MTT solution (5 mg/mL MTT in phosphate-buffered saline [PBS]) was added to cells and incubated at 37°C for 4 h. Subsequently, MTT-containing DMEM was removed and replaced by 150 μL dimethylsulfoxide, after which the plates were gently shaken for 10 min. Absorbance was measured at 490 nm using a microplate reader. The viability of the control group was set to 100%, and that of the other groups was expressed as the percentage of control cells.
TUNEL asssy
Apoptotic cells were detected by TUNEL staining according to the manufacturer's instructions. Cells were fixed in 4% paraformaldehyde at room temperature for 15 min. After extensive washing with PBS, cells were treated with 0.1% Triton X-100 for 2 min on ice, and then incubated with TUNEL assay solution (50 μL solution/sample: 2 μL TdT + 48 μL FITC-dUTP) for 1 h at 37°C. TUNEL-positive cells with green fluorescence were imaged using a fluorescence microscope (Nikon, Tokyo, Japan) with the B-2A filter (excitation (EX): 450-490, dichroic mirror (DM): 505, barrier filter (BA): 520). The apoptosis rate was calculated as the percentage of TUNEL-positive cells.
Adhesion asssy
A density of 5 × 10 4 HUVECs were seeded into 24-well tissue culture plates and incubated for 2 days until confluence. After treatment with oxLDL, 5 × 10 4 U937 cells were added to each test well and incubated for 4 h. After two washes with PBS at room temperature, cells were visualized and photographed using a light microscope (Nikon).
Western blot analysis
Cells with various treatments were lysed in protein lysis buffer (0.2% SDS, 1% NP-40, 5 mM EDTA, 1 mM PMSF, 10 μg/mL leupeptin, and 10 μg/mL aprotinin) and then centrifuged at 12, 000 rpm for 15 min at 4°C. The protein concentrations were determined with the BCA-100 Protein Quantitative Analysis Kit (Sangon, Shanghai, China). Protein samples were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and then transferred onto polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). The membranes were blocked at room temperature for 2 h in 5% skim (non-fat) milk in Trisbuffered saline/Tween 20 (TBST). After washing three times in TBST, the membranes were incubated with the appropriate antibodies overnight at 4°C. Subsequently, the membranes were washed with TBST and proteins were detected by incubation with HRP-conjugated secondary antibodies for 2 h at room temperature. Band intensities were quantified by densitometry and imaging software (Labworks).
Immunofluorescence
For cytoskeletal staining, cells grown on glass coverslips were fixed in 4% paraformaldehyde for 20 min and permeabilized in 0.3% Triton X-100 for 30 min at 4°C. Cells on coverslips were incubated with normal goat serum for 30 min. After extensive washing in PBS, cells were incubated with primary mouse anti-vimentin or rabbit anti-p-vimentin antibody overnight at 4°C. After three washes with PBS, cells were incubated with secondary FITC-conjugated anti-mouse IgG or Cy3-conjugated anti-rabbit IgG antibody for an additional 2 h at room temperature. For double staining, cells were incubated with the mixture of two primary antibodies (e.g., rabbit anti-ICAM-1 or VCAM-1 and mouse anti-vimentin) overnight at 4°C.
Then cells were washed with PBS and incubated with a mixture of the two secondary antibodies (e.g., FITC-conjugated anti-mouse IgG and Cy3-conjugated anti-rabbit IgG) for another 2 h at room temperature. 
Statistical analysis
All of the experiments were repeated at least three times with duplicate wells used each time. Data are expressed as the mean ± standard deviation (SD). One-way analysis of variance followed by the Student's t-test was used for statistical analysis using SPSS software.
Results
ROCK2 but not ROCK1 deficiency reduces oxLDL-induced cytotoxicity in HUVECs
To evaluate the response of ROCK isoform deletion to oxLDL treatment in HUVECs, we used siRNA to suppress ROCK1 and ROCK2 expression (Fig. 1A) , and then assessed cell viability with the MTT assay. The results showed that oxLDL treatment reduced cell viability compared with the control cells. However, ROCK2 suppression by siRNA or treatment with the pan ROCK inhibitor resulted in significant improvement in cell viability compared with the oxLDL-treated group (Fig. 1B) . Unlike ROCK2 suppression, ROCK1 deletion resulted in no significant improvement in cell viability after oxLDL treatment. In the absence of oxLDL, inhibition of both ROCK1 and ROCK2 had no obvious effects on cell viability (Fig.  1B) . To further investigate the protective effects of ROCK2 suppression against oxLDLinduced endothelial dysfunction, we evaluated cell apoptosis by performing the TUNEL assay. Fluorescence photography and cell counting showed a significant increase in cell apoptosis upon oxLDL treatment of HUVECs, while a significant reduction was observed with ROCK2 deficiency or Y27632 treatment (Fig. 1C) . Inhibition of cell apoptosis correlated with the improved cell viability observed in ROCK2-deficient cells, supporting the notion that reduced cell apoptosis contributed to the improved cell viability in ROCK2-deficient cells after oxLDL treatment. To determine if ROCK is involved in oxLDL-induced endothelial cytotoxicity, we used Western blotting to evaluate its protein expression in oxLDL-treated HUVECs. The expression of both ROCK1 and ROCK2 was greatly enhanced after oxLDL treatment compared to the control group (Fig. 1D) .
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ROCK2 deficiency reduces vimentin and p-vimentin cytoskeleton remodeling induced by oxLDL
To elucidate the molecular mechanisms underlying the inhibitory effects of ROCK2 deletion on oxLDL-induced endothelial cytotoxicity, we examined vimentin cytoskeleton remodeling. Vimentin staining revealed that vimentin in the control group was mainly distributed throughout the cytoplasm. However, oxLDL significantly disrupted vimentin filament assembly and changed the distribution of vimentin, which was located in the peripheral portion of the nucleus (Fig. 2) . In contrast, ROCK2 deficiency or Y27632 treatment led to minimal alterations to vimentin shape induced by oxLDL, a significant decrease in vimentin distribution around the nucleus, and an increase in central vimentin fibers throughout the cytoplasm (Fig. 2) . However, ROCK1 deletion caused obvious alterations in vimentin shape and significantly increased vimentin distribution around the nucleus after oxLDL treatment (Fig. 2) .
The structural and functional characteristics of vimentin are greatly modified by phosphorylation, which affects the biological properties of cells [14, 20] . Therefore, we also examined p-vimentin cytoskeleton morphology using antibodies specific to serine 56 (Ser-56) and serine 83 (Ser-83) phosphorylation sites on vimentin. As shown in Fig. 3, p (at both Ser56 and Ser83) was mainly located in the cytoplasm after oxLDL treatment compared with the control cells. ROCK2 suppression or Y27632 treatment reduced the redistribution of p-vimentin induced by oxLDL and preserved its distribution in the nucleus. However, this preservation was not observed in ROCK1-deficient cells after oxLDL treatment (Fig. 3) .
ROCK2 deficiency decreases oxLDL-induced vimentin cleavage and phosphorylation
We observed that oxLDL treatment induced the expression and phosphorylation (at both Ser56 and Ser83) of vimentin. As shown in Fig. 4 , ROCK deletion or inhibition had no significant effect on oxLDL-induced vimentin expression, indicating that vimentin expression induced by oxLDL does not correlate with ROCK expression. In contrast, ROCK2 deletion or Y27632 treatment inhibited the increase in vimentin phosphorylation (at both Ser56 and Ser83) induced by oxLDL. However, ROCK1 deficiency only inhibited vimentin phosphorylation at Ser83, and had no effect on phosphorylation at Ser56. These results suggest that on one hand, oxLDL treatment can induce the expression of p-vimentin at Ser-56, which is only dependent on ROCK2; and on the other hand, it can increase the expression of p-vimentin at Ser-83, which is dependent on both ROCK1 and ROCK2.
We previously reported that oxLDL treatment in HUVECs resultes in the appearance of vimentin fragments [7] . In this study, we observed that ROCK2 deficiency or Y27632 treatment, rather than ROCK1 deletion, significantly inhibited expression of the 50 kDa vimentin fragment induced by oxLDL (Fig. 4) . Vimentin can be degraded into fragments by caspases during cell apoptosis [10, 21] ; therefore, we detected the effects of ROCK2 suppression on cleaved caspases 3, 8, and 9 (indicators of increased apoptosis). As shown in Fig. 5 , the level of caspase 3 activation (17 kDa and 19 kDa) induced by oxLDL was significantly reduced in ROCK2-deficient cells or cells treated with the ROCK inhibitor. These results suggest that the inhibition effect of ROCK2 deficiency on vimentin cleavage is dependent on decreased caspase 3 activation.
Both ROCK1 and ROCK2 deletion inhibits oxLDL-induced monocyte-endothelial cell adhesion
OxLDL-induced adhesion of human monocytes and monocytic cell lines to endothelium has been implicated in the initial stage of atherogenesis [22] . We observed that knock down of ROCK1 and ROCK2 inhibited oxLDL-induced cell adhesion of the monocytic cell line U937 to HUVECs. In addition, Y27632 treatment clearly reduced the adhesion of U937 to HUVECs induced by oxLDL (Fig. 6A) . Upregulation of adhesion molecules on endothelial cells is associated with the adhesive interactions of inflammatory leukocytes with endothelial cells [23] . Therefore, we examined the effects of ROCK inhibition on oxLDL-induced expression of endothelial ICAM-1 and VCAM-1. As shown in Fig. 6B , ROCK deletion or inhibition significantly reduced the expression of ICAM-1 induced by oxLDL. OxLDL-induced increase in VCAM-1 expression was significantly reduced in ROCK1-deficient cells or upon Y27632 treatment. Then, we analyzed the co-localization of ICAM-1 or VCAM-1 with vimentin by fluorescence microscopy. As shown in Fig. 7 , oxLDL significantly induced the redistribution of ICAM-1 and co-localization of ICAM-1 with vimentin in the peripheral portion of the nucleus, which was clearly inhibited by ROCK2 deficiency or Y27632 treatment. ICAM-1 and vimentin were co-localized in the cytoplasm of ROCK2-deficient cells or upon ROCK inhibitor treatment. As shown in Fig. 8 , the obvious redistribution of VCAM-1 and co-localization of VCAM-1 with vimentin in the peripheral portion of the nucleus induced by oxLDL were detected in control cells or ROCK1-deficient cells, but not in ROCK2-deficient cells or upon Y27632 treatment. 
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Discussion
The present study revealed the distinct roles of ROCK isoforms in endothelial dysfunction induced by oxLDL, which is a driving force in the initiation of atherosclerosis followed by endothelial cell apoptosis and leukocyte adhesion [5, 6, 24] . According to data from our previous study [7] , we selected 200 μg/mL oxLDL to construct an in vitro model of endothelial cell dysfunction. Our results support the concept that ROCK2 is required for both endothelial apoptosis and monocyte-endothelial cell adhesion induced by oxLDL, whereas ROCK1 only participates in oxLDL-induced cell adhesion through regulating endothelial ICAM-1 or VCAM-1 expression. The distinct actions of ROCK1 and ROCK2 on the downstream molecules may contribute to their different effects on endothelial dysfunction caused by oxLDL (Fig. 9) .
Previous studies have supported the notion that ROCK activity is required for cell adhesion and detachment through regulating both myosin activity and the actin cytoskeleton [19, [25] [26] [27] . To understand whether ROCK activity is responsible for endothelial dysfunction induced by oxLDL, we used ROCK inhibitors and/or isoform-selective suppression of ROCK, Cellular Physiology and Biochemistry
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and then observed cell viability, apoptosis, and adhesion after ROCK knockdown. oxLDL treatment greatly promoted endothelial apoptosis and adhesion, and decreased cell viability, accompanied by an increase in the expression of ROCK1 and ROCK2. ROCK2 suppression or Y27632 treatment, rather than ROCK1 deletion, effectively reduced cell apoptosis and increased cell viability. However, both ROCK1 and ROCK2 suppression significantly inhibited monocyte-endothelial adhesion induced by oxLDL. Together, our results reveal the extensive role of endogenous ROCK2 in regulating endothelial dysfunction induced by oxLDL, and also suggest the single role of ROCK1 in endothelial adhesion (Fig. 9) . The vimentin cytoskeleton is responsible for endothelial dysfunction induced by oxLDL [7] . Vimentin is the most abundant intermediate filament protein and is an essential component of the cytoskeletal networks, together with actin filaments and microtubules [28] . Vimentin is also known to be specific to the apoptotic process and is degraded into fragments during apoptosis [10] . The mechanisms underlying the effects of ROCK on the vimentin cytoskeleton remain to be determined. In this study, we found that treatment with oxLDL resulted in vimentin redistribution around the nucleus compared with the control cells, which were significantly inhibited by ROCK2 suppression and ROCK inhibition, whereas ROCK1 deletion did not have any effect on oxLDL-induced vimentin redistribution. In addition, oxLDL treatment significantly altered the distribution of p-vimentin (at both Ser56 and Ser83), which was mainly concentrated in the cytoplasm. ROCK2 deletion and ROCK inhibition reduced the oxLDL-induced redistribution of p-vimentin, as shown by the distribution of p-vimentin in the nucleus. This suggests that ROCK2, rather than ROCK1, participates in oxLDL-induced vimentin and p-vimentin remodeling. Furthermore, treatment with oxLDL significantly enhanced the phosphorylation and cleavage of vimentin, and these effects were inhibited by ROCK2 suppression or Y27632 treatment. ROCK2 deletion or inhibition reduced oxLDL-induced vimentin cleavage by attenuating caspase 3 activity. Importantly, ROCK suppression or inhibition had no significant effects on oxLDL-induced vimentin expression, indicating that the regulation of vimentin expression is independent of ROCK. The findings suggest that ROCK2 plays a role in oxLDL-induced endothelial cell apoptosis by regulating vimentin phosphorylation, cleavage and remodeling (Fig. 9) .
As our previous studies have suggested that adhesion molecules and their co-localization with vimentin are important for the monocyte-endothelial cell adhesion [7] , we analyzed whether adhesion molecules and co-localization with vimentin were affected by the absence of ROCK. Both ROCK1 and ROCK2 deletion attenuated ICAM-1 expression in endothelial cells
Cellular Physiology and Biochemistry upon oxLDL treatment. However, VCAM-1 expression induced by oxLDL was only affected by ROCK1 deletion or ROCK inhibitor. Furthermore, oxLDL treatment significantly induced the redistribution of ICAM-1 and particularly its co-localization with vimentin in the periphery of the nucleus, which was markedly affected by the absence of ROCK2 in the endothelial cells. Similar results were obtained for VCAM-1. Our results suggest that ROCK1 plays a role in oxLDL-induced cell adhesion by regulating adhesion molecules expression, while ROCK2 participates in cell adhesion by regulating ICAM-1 expression and the co-localization of adhesion molecules with vimentin (Fig. 9) .
Conclusion
In summary, this study demonstrated that ROCK1 and ROCK2 deletion, as well as treatment with the pan ROCK inhibitor had different effects on vimentin cytoskeleton and adhesion molecules, resulting in different consequences on endothelial dysfunction caused by oxLDL. These results further our understanding of the effects of pan ROCK inhibitors in experimental and clinical atherosclerosis, and may aid in the development of isoformselective ROCK inhibitors.
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